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Enzymatic and chemical probes(UTR) of RNA genomes of viruses and satellite RNAs plays essential roles in viral
replication and transcription. The structural features of the 3′-UTR of the satellite RNA of Bamboo mosaic
virus (satBaMV) involved in its replication were analyzed in this study. By the use of enzymatic probing, the
secondary structure of satBaMV 3′-UTR was conﬁrmed to comprise two small stem-loops (SLA and SLB), one
large stem-loop (SLC), and a poly(A) tail of mainly 75–200 adenylate residues, which is similar to those on the
genomic RNA of the helper virus, BaMV. Five sets of mutants of satBaMV were constructed to analyze the
biological functions of the structural elements of the 3′-UTR. The data revealed that both the polyadenylation
signal and poly(A) tail are required for satBaMV RNA replication. The structural conservation of SLA, SLB, and
SLC is also important for efﬁcient satBaMV accumulation, whereas the nucleotides in these regions may also
possess sequence-speciﬁc functions. In contrast to the requirement for the accumulation of BaMV genomic
RNA, mutations in the conserved hexanucleotide (ACCUAA) in the loop region of SLC had limited effect on the
accumulation of satBaMV RNA. In addition, replacing the 5′-, 3′-UTR, or both regions of satBaMV by those of
BaMV greatly decreased the accumulation of satBaMV RNA. Taken together, these data indicate that satBaMV
might have adopted a 3′-UTR structure similar to that of BaMV but may have evolved distinct features for its
efﬁcient replication.
© 2009 Elsevier Inc. All rights reserved.IntroductionSequence and structural elements in the genomes of positive-
sense RNA viruses play important roles both in replication and viral
gene expression (for reviews, see Brierley et al., 2007; Buck, 1996;
Dreher, 1999; Miller and White, 2006). For conservation of genetic
information, synthesis of positive- and negative-sense [(+)- and (−)-
sense, respectively] viral or sub-viral RNAs require promoter elements
near or at the termini of the template RNAs (Dreher, 1999; Kao et al.,
2001). Long-range interactions among the terminal and internal
regulatory elements have also been demonstrated to be important for
the replication and transcription of viral RNAs (Fabian and White,
2006; Herold and Andino, 2001; Hu et al., 2007; Lin et al., 2007; Miller
and White, 2006; Sit et al., 1998; Wu and White, 2007; You et al.,
2001). In addition to having functions as promoters or enhancers, the
terminal sequences and/or structures of viral RNAs may also be
repressors or RNA switches to regulate the transition among differentntacted at Graduate Institute
aichung 40227, Taiwan, ROC.
Plant and Microbial Biology,
. Fax: +886 2 2788 0991.
hsu@nchu.edu.tw (Y.-H. Hsu).
l rights reserved.phases of the viral replication/transcription cycles, depending on the
dynamic interactions among these elements (Lin andWhite, 2004; Lin
et al., 2007; Pogany et al., 2003; Zhang and Simon, 2003; Zhang et al.,
2004).
The importance of RNA sequence/structural elements holds true for
satellite RNAs (satRNAs), which are molecular parasites that are fully
dependent on the helper viruses for replication but share little or no
sequence similarity to the cognate helper viruses (Roossinck et al.,
1992; Simon et al., 2004). Previous studies indicated that cis-acting
sequences and/or structural elements of satRNAs are present at the 5′
or 3′ terminus (Bringloe et al., 1999; Carpenter and Simon, 1998; Qiu
and Scholthof, 2000; Stupina and Simon, 1997) and are thought to
mimic the structures of the helper viruses. However, whether the
satRNAs and their cognate helper viruses adopt the same sequence/
structural elements for replication depends on the different combina-
tions of satRNA/helper viruses under study. The functional andphysical
interchangeability of these elements between Bamboo mosaic virus
(BaMV) and the associated satRNA (satBaMV) remains to be elucidated.
BaMV and satBaMV have been used extensively as model systems
for study of the replication cycles of potexviruses (Annamalai et al.,
2003; Chen et al., 2007; Chen et al., 2005; Chen et al., 2003; Cheng et
al., 2001; Chenget al., 2002; Chiu et al., 2002;Hsu et al., 2006;Huang et
al., 2001; Huang et al., 2008; Lee et al., 2000; Lin et al., 2005; Lin and
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contains a single-stranded, positive-sense RNA of approximately 6400
nt (excluding the 3′ poly(A) tail) with a 5′ cap-structure and a 3′ poly
(A) tail. The ﬁve open reading frames (ORFs 1 to 5) encoding 155-, 28-,
13-, 6-, and 25-kDa proteins, respectively, are ﬂanked by 94-nt 5′ and
142-nt 3′untranslated regions (UTRs) (Lin et al.,1994; Yanget al.,1997).
The 3′-UTR of BaMV genomic RNA folds into four independent stem-
loops (domains A to D) and a tertiary pseudoknot structure (domain E)
as determined by enzymatic and chemical probing (Cheng and Tsai,
1999). Both the nucleotide sequence and structure of the 3′-UTR are
important for BaMV replication in vivo (Chen et al., 2003; Cheng and
Tsai, 1999; Chiu et al., 2002) and in vitro (Cheng et al., 2001).
satBaMV RNA is 836 nt long, excluding the 3′ poly(A) tail, and has
an ORF for a protein of 20 kDa ﬂanked by 5′- and 3′-UTRs of 159 nt and
125 nt, respectively (Lin and Hsu, 1994). The cis-acting elements in the
5′-UTR of satBaMV responsible for efﬁcient replication have been
identiﬁed (Annamalai et al., 2003) and are involved in the down-
regulation of BaMV replication in some variants (Chen et al., 2007;
Hsu et al., 2006). The mechanism of down-regulation of helper virus
replication is linked to the speciﬁc sequences and secondary structure
of an apical hairpin stem loop in the 5′-UTR (Chen et al., 2007; Hsu et
al., 2006). However, despite extensive studies on the replication
mechanisms of BaMV and satBaMV, little is known about the
structural and functional features of the 3′-UTR of satBaMV, except
for the presence of the conserved hexanucleotide (ACCUAA) and
polyadenylation signal (AAUAAA) in this region (Liu et al., 1997).Fig. 1. The secondary structure of 3′-UTR of satBaMV. (A) The proposed secondary structure o
and a summary of the results of enzymatic structural mapping. The structure exhibits three s
ﬁrst guanine of the 3′-UTR of satBaMV. The positions of cleavage by RNaseA, T1, T2, and V1 ar
(ACCUAA) is in bold and the polyadenylation signal (AAUAAA) is underlined. The putative te
UTR of satBaMV RNA. End-labeled RNA fragments generated by enzymatic cleavage of satBaM
T2 (all unpaired nucleotides), and RNase V1 (double-stranded region) were resolved by electr
or 3 h (right). The concentration of enzymes used in each reaction is indicated on each lan
digestionwith alkaline buffer to be used as a marker. Lane T1 (15U) and lane A (1200×) are RN
sequence and secondary structure of BaMV 3′-UTR, comprised of domains A to E (Cheng anTo investigate the roles of the satBaMV 3′-UTR involved in
replication and accumulation, computer-aided prediction and enzy-
matic probing were used to establish the structural features and three
sets of mutants were constructed to analyze the requirements and
functions of (i) the polyadenylation signal and the poly(A) tail, (ii) the
stem-loop structures and tertiary interactions, and (iii) the potex-
virus-conserved hexanucleotide for efﬁciency in replication and
accumulation in Nicotiana benthamiana protoplasts and plants. A
fourth set of mutants was generated to investigate the structural and
functional interchangeability of the “pseudoknot” structure and the
entire 5′- and/or 3′-UTRs between BaMV and satBaMV. A ﬁfth set of
mutants was designed for exploring the long-range interactions
between satBaMV 5′- and 3′-UTRs in satBaMV RNA accumulation.
Additionally, the evolutionary conserved structural features of the
satBaMV 3′-UTR were identiﬁed and compared with those of BaMV.
The results provide comprehensive information on the cis-acting
elements in the 3′-UTR involved in replication of satBaMV RNA and
suggest that a distinct replication mechanism was adopted by
satBaMV to exploit the replication machinery of the helper virus.
Results
Secondary structure of the 3′-UTR of satBaMV RNA
To compare and contrast the structure of the 3′-UTR of satBaMV
RNA with that of the published structure of BaMV (Cheng and Tsai,f 3′-UTR of satBaMV predicted by the computer programMfold version 3.1 (Zuker, 2003)
tem-loops: stem-loop A, B and C (SLA, SLB, and SLC). Nucleotides are numbered from the
e indicated by symbols depicted in the ﬁgure. The potexvirus conserved hexanucleotide
rtiary interactions are indicated by a dotted line. (B) Enzymatic structural probing of 3′-
V RNAwith RNase A (unpaired U and C speciﬁc), RNase T1 (unpaired G speciﬁc), RNase
ophoresis through a 8% denaturing polyacryamide gel containing 7M urea for 1.5 h (left),
e. Lane C is the control of satBaMV RNA without RNase treatment. Lane Alk is partial
A sequencing markers. The number of nucleotides is indicated the same as in A. (C) The
d Tsai, 1999), is shown for comparison.
Fig. 1 (continued).
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probing were employed. As shown in Fig. 1A, the computer-predicted
secondary structure of the 3′-UTR of satBaMV RNA comprises two
small stem-loops and one large stem-loop. The two small stem-loops
are designated SLA (nt 17 to 34) and SLB (nt 35 to 49). The large stem-
loop, designated SLC (nt 59 to 104), contains a 3-nt CCA bulge (nt 69 to
71) and a 2-nt UC bulge (nt 100 to 101) in the stem. A putative tertiary
interaction between AUG78 in the loop of SLC and CAU57 in the bridge
sequence connecting SLB and SLC was predicted by the STAR program
(Abrahams et al., 1990). The conserved hexanuleotide, ACCUAA,
involved in accumulation of all known potexviral RNAs (Bancroft et
al., 1991; Cheng and Tsai, 1999; Forster et al., 1988; Huisman et al.,
1988; Zuidema et al., 1989) was found in the apical loop of SLC (nt 76
to 88), approximately 30–60 nt upstream of the poly(A) tail of
potexviruses. A putative polyadenylation signal, AAUAAA, important
for the infectivity of BaMV and White clover mosaic virus (WClMV)
(Cheng and Tsai, 1999; Guilford et al., 1991) was identiﬁed down-
stream of SLC (Fig. 1A).The above computer-predicted secondary structure of the 3′-UTR
of satBaMV was tested by enzymatic probing with the use of RNase A,
T1, T2, and V1, which speciﬁcally cleave at unpaired pyrimidines,
unpaired guanosines, any unpaired nucleotides, and any paired/
stacked nucleotides, respectively. To compare with the structure of 3′-
UTR of BaMV previously revealed by enzymatic probing (Tsai et al.,
1999), 5′-end labeled 3′-UTR of satBaMV RNA was analyzed. The
results of RNase A, T1 and T2 digestion showed speciﬁc cleavages at
G23 to A26 in the loop region of SLA, and RNase V1 digestion showed
speciﬁc cleavages at G18, G19, U21, U22 and G29 in the stem of SLA
(Figs. 1A and B). The structure of SLB was also resolved clearly with
RNase A and T2 cleavages at U40 to A43 corresponding to the loop of
SLB and RNase V1 cleavages at C35 to G38 corresponding to the stem
of SLB (Figs. 1A and B). In addition, treatment of RNase A and T2
resulted in speciﬁc cleavages at U51 to C55, A56, and U58
corresponding to the bridge sequences connecting SLB and SLC (Fig.
1B). These cleavages provide evidence supporting the existence of SLA
and SLB structures.
Fig. 1 (continued).
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were analyzed in a denaturing gel with a longer running time as
shown in Fig. 1B (right panel). RNase A digestion resulted in speciﬁc
cleavages at C70 in the CCA bulge and C82, C83, U84 and C88 in the
loop of SLC. RNase T1 speciﬁcally cleaved at G78 and G80 in the loop of
SLC. In addition, RNase T2 digestion resulted in cleavages at the
unpaired A71 in the CCA bulge and A76 to A85 in the loop of SLC.
Nucleotides G59, C63, A67, and U72 to U75 were also the major
cleavage sites by RNase A, T1 and T2 but were located at the junction
of an internal loop or a bulge that tends to be cleaved because of an
unstable structure (Fig. 1B). Finally, cleavage with RNase V1 showed
that C63 to C68, U72 to U75 and A89 were in a double-stranded
conformation. Nucleotides C69 to A71, A76, U77 and C88 were also
cleaved by RNase V1, possibly because of the stacking effect. Overall,
the results of enzymatic probing with RNases A, T1, T2, and V1 support
the existence of the computer-predicted secondary structure of
satBaMV 3′-UTR, which is structurally similar to domains B, C, and D
of the BaMV 3′-UTR (Fig. 1C).
The length of the 3′ poly(A) tail was determined by RNase T1
probing. The result revealed that most of the satBaMV RNAs contained
poly(A) tails of 75 to 200 adenylate residues (Fig. 2), similar to those of
BaMV genomic RNAs (Fig. 2; Chen et al., 2005). However, the
pseudoknot structure present in the BaMV 3′-UTR (Fig. 1C, domain
E) was not detected in the poly(A) tail of satBaMV RNA, neither by
prediction (Fig. 1A) with the STAR program (Abrahams et al., 1990) nor
by enzymatic probing (Fig. 1B).
Deletion analysis of the 3′-UTR for satBaMV RNA replication
To investigate the function of the structural elements in the 3′-UTR
of satBaMV in replication, ﬁve sets of mutants were constructed
under the control of the T7 promoter (Table 1). The ﬁrst set includedfour deletion mutants to dissect the function of poly(A)-related
sequences and the conserved hexanucleotide motif. The following
sequences were deleted in the respective mutants: D1, poly(A) tail
alone; D2, the putative polyadenylation signal (AAUAAA); D3, the
polyadenylation signal plus poly(A) tail; and D4, the conserved
hexanucleotide motif of potexviruses. These mutants were assayed
for the accumulation of the plus (+) and minus (−) strand of satBaMV
RNA. Except for D4, the other three mutants failed to yield any
detectable signals in protoplasts on northern blot analysis with
satBaMV-speciﬁc probes (Fig. 3). However, the RNA accumulation of
D4 decreased to about 13% of that of wild type in protoplasts (Fig. 3).
The accumulation of the (−)-strand RNA of all these mutants was not
detectable (Fig. 3), which indicates that the polyadenylation-related
sequences and conserved hexanucleotide motif in the 3′-UTR were
crucial for satBaMV RNA accumulation and (−)-sense RNA synthesis.
The results also suggested that the satBaMV 3′-UTR contained cis-
elements for replication (e.g., promoter sequences for BaMV RdRp
and/or motifs for host factor recognition).
To test whether the decreased RNA accumulation of the mutants
resulted from the decreased RNA stability due to the loss of the poly(A)
tail, the transcripts of thewild typewith 17 adenylate residues and the
mutants were inoculated into protoplasts in the absence of BaMV.
Total RNA was isolated from cells at various times to evaluate the rate
of RNA degradation. Similar degradation rates of satBaMV RNAs were
observed for the wild type and mutants (data not shown), which
suggests that the decreased RNA accumulation of the mutants in the
co-infected cells was not the main reason for reduced RNA stability.
Mutational analyses of SLA, SLB, and SLC for satBaMV RNA replication
The second set of mutants was designed on the basis of the
predicted secondary or tertiary structures of the satBaMV 3′-UTR and
Fig. 2. Characterization of the poly(A) tail of BaMV and satBaMV RNA. The 3′ end-
labeled BaMV and satBaMV RNA samples before (lanes 6 and 8, respectively) and after
(lanes 7 and 9, respectively) RNase T1 digestion were analyzed by electrophoresis
through a 6% acrylamide gel containing 8 M urea. The lengths of 32P-labeled RNA size
markers were as indicated on the left of panel (lanes 1–5).
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SLB, and SLC in satBaMV RNA replication. The mutants Δ3′-UTR, M1,
andM2 contain deletions of the entire 3′-UTR, SLA, and SLB (Fig. 4A) of
satBaMV, respectively. Mutants without a stem structure and with a
compensatory stem structure of SLC were designated M3 and M4,
respectively. M5 and M6 had a disrupted and restored putative
tertiary interaction of AUG78 in the loop of SLC and CAU57 in the bridge
sequence connecting SLB and SLC, respectively (Fig. 4A). Northern blot
analysis of satBaMV RNA accumulation in co-inoculated protoplasts
revealed that deletion of the entire 3′-UTR abolished satBaMV RNA
accumulation and deletions of SLA and SLB decreased the accumula-
tion to 7% and 3%, respectively, of that of wild type (Fig. 4B). The
disruption of the stem in SLC abolished satBaMV RNA accumulation,
whereas restoration of this stem recovered the RNA accumulation up
to 67% (Fig. 4B). Inhibition of the potential pseudoknot formation, M5,
and restoration of the interaction, M6, resulted in RNA accumulation
to 136% and 5% of that of the wild type, respectively (Fig. 4B). These
results revealed that all of the secondary structures of SLA, SLB and SLC
are important for efﬁcient satBaMV RNA accumulation. However, the
RNA accumulation of M5 and M6 suggested that it is most likely the
putative tertiary interaction between CAU57 and AUG78 does not exist,
and speciﬁc nucleotides in the loop region of SLC might participate in
the interactions with other elements required for satBaMV accumula-
tion. Surprisingly, when in planta assay was performed, the accumula-tion of M5 in the inoculated leaves of N. benthaminanawas reduced to
only 28% of that of the wild type (data not shown), which suggest that
the nucleotides in this regionmight participate in other functions such
as encapsidation and/or cell-to-cell movement. To further analyze the
roles of SLA and SLB, mutants M1a to M1c and M2a to M2c were
designed, respectively (Fig. 4A). The stem region of SLA is disrupted
and restored in M1a and M1b, and the loop region is deleted in M1c.
The counterparts of SLB are mutated in a similar manner in M2a to
M2c. The accumulation of the mutant RNAs was also assayed in
protoplasts of N. benthamiana. RNA accumulation in protoplasts was
greatly reduced for M1a and M2a. The restoration of the stems in SLA
and SLB, M1b and M2b, respectively, restored the satBaMV RNA
accumulation to 22% and 38%, respectively, of that of wild type.
Deletion of loops A and B also greatly inhibited satBaMV RNA
accumulation in protoplasts (Fig. 4C). These data suggest that the
structure and speciﬁc sequences of SLA and SLB are required for
satBaMV RNA replication.
Mutational analysis of conserved hexanucleotide for satBaMV
RNA replication
Previously, the speciﬁc role of each nucleotide in the hexamer
motif (A1C2C3U4A5A6) of the BaMV 3′-UTR for BaMV replication was
proposed (Chiu et al., 2002). U4A5A6 was shown to be essential and
invariable for the accumulation of BaMV RNA in protoplasts (Chiu et
al., 2002). Because the conserved hexanucleotide is also present in the
3′-UTR of satBaMV, the functional role of U4, A5, and A6 for satBaMV
RNA replication was investigated. Accordingly, U4, A5, and A6 was
individually changed to C4, G5, and G6 in the mutants M7, M8, and M9,
respectively, as the third set of mutants (Fig. 4A). In vitro translation
analysis, using the TNT® Quick Coupled Transcription/Translation
Systems (Promega, Madison, USA), revealed that the above mutations
in the conserved hexanucleotide had no signiﬁcant effect on the
translatibilty of the mutant RNAs (data not shown). Northern blot
analysis revealed that the satBaMV RNA accumulation of the three
mutants M7, M8, and M9 reached 83%, 77%, and 76%, respectively, of
that of the wild type in the protoplasts of N. benthamiana co-
inoculated with BaMV (Fig. 4D). Similarly, the RNA for themutantsM7,
M8, and M9 accumulated to 92%, 52%, and 80% of that of the wild type
in N. benthamiana plants co-inoculated with BaMV (Table 2). To
further examinewhether any reversion had occurred in the inoculated
plants, the progeny RNAs were analyzed by reverse transcription-PCR,
followed by DNA sequencing. As shown in Table 2, the full-length
cDNA sequences of progeny RNAs ampliﬁed from inoculated leaves
maintained the mutated sequences of the mutants M7, M8, and M9 in
9, 7, and 6 independent clones, respectively. Similar results were
obtained in systemic leaves from 8, 7, and 9 independent clones,
respectively. No second-site mutations in these clones were observed.
These results suggest that the conservation of these 3 nucleotides, in
contrast to the requirement for BaMV, was more ﬂexible for satBaMV
RNA accumulation. However, the deletion of the entire hexanucleotide
motif (mutant D4) decreased the RNA accumulation to about 10% of
that of the wild type (Fig. 3).
Analysis of the interchangeability of the pseudoknot structure, the
3′-UTR, and/or the 5′-UTR between BaMV and satBaMV
The interactions between the 3′ terminal U-rich region and the
poly(A) tail of BaMV RNA resulted in the formation of a tertiary
pseudoknot structure (Fig. 1C, domain E), which is important in
recognition by BaMV RNA-dependent RNA polymerase (RdRp) for RNA
synthesis (Huang et al., 2001). However, as shown above, the 3′-UTR of
satBaMV RNA lacks this pseudoknot structure (Fig. 1A). Additionally,
the interchangeability of the 3′ and 5′-UTR between BaMV and
satBaMV has not been investigated. Thus, we constructed and assayed
a fourth set of mutants, M10 through M13, for RNA accumulation in
Table 1
List of oligonucleotides used for the construction of deletion and substitution mutants of satBaMV
Oligonucleotide Sequence (5′–3′)a Mutants Deletion/substitution mutations
Set I. Deletion mutants
BS-D1 GCTAGTCTAGACATCTTTTAGCG D1 No poly(A) tail
BS-D2 GGTCGTCCCGGACGCTAAAAG D2 Polyadenylation signal deletion
BS-D1 GCTAGTCTAGACATCTTTTAGCG D3 Polyadenylation signal plus poly(A) tail deletion
BS-D4 CATACTATGAGCCAGTAGTG D4 Hexanucleotide deletion
Set II. Structure alteration and restoration mutants
BS-Δ3′-UTR GCTAGTCTAGATCAACTGGTTGG Δ3′-UTR 3′-UTR deletion and no poly(A) tail
BS-M1 CCACGAGCACAACCCAGGTTTAGCCT M1 SLA deletion
BS-M2 TGTCAATGAGCCGTTCCACATTGA M2 SLB deletion
BS-M3 CCACATTGACCGTGGACCCATA M3 Stem-C disruption
BS-M4 AACCAGTAGTCCACGTCGTCC M4 Stem-C reconstitution
BS-M5 CCTGGTTCCAGTATGACCCACCAC M5 Stem disruption
BS-M6 gacccaccacccatacttacagacctaa M6 Stem reconstitution
BS-M1a ACAACCCCGATGTCAATG M1a Stem-A disruption
BS-M1b ACAACCCCGATGTCAATGTCGGGCCAGG M1b Stem-A reconstitution
BS-M1c ACCGGCTTGTGAGCCGC M1c Loop-A deletion
BS-M2a AGCCGCGTCCTTTAGC M2a Stem-B disruption
BS-M2b AGCCGCGTCCTTTAGGGACGTTCCAC M2b Stem-B reconstitution
BS-M2c CCGCCAGGTGCCTGGTTC M2c Loop-B deletion
Set III. Conserved hexanucleotide substitution mutants
BS-M7 TATGAGACCCAACCAGT M7 Loop reconstitution
BS-M8 TATGAGACCTGACCAGT M8 Loop reconstitution
BS-M9 TGAGACCTAGCCAGTAG M9 Loop reconstitution
Set IV. Replacement of 3′-UTR and/or 5′-UTR with those of BaMV mutants
BS-M10 GACTCTAGATTTTTTTTTTTTTTTTTTTTTTTTTTTTTT M10 BaMV pseudoknot insertion
GGAAAAAACTGTAGAAACCAAAATTTATTCGGGACG
BS-M11 GCGCCAACCAGUUGA ACGTTGCATGATCG M11 3′-UTR replacement with that of BaMV
BS-M12 GCCCTGCGCGTGCGGCAACAATGGTTCGG M12 5′-UTR replacement with that of BaMV
AGGAGGAATCG
Set V. Long-range interaction disruption and reconstitution mutants
BS-M14 GACCACGAGGGCCCCCCTATAGTCCCCGATTGGGTGTG M14 Disruption of 5′- and 3′-UTR interaction
BS-M15 CGCCAGGTAGTCCCTGGTTC M15 Disruption of 5′- and 3′-UTR interaction







M13 Universal (−40) GTTTTCCCAGTCACGAC
a The complete details of mutants constructed in satBaMV 3′-UTR are shown in Fig. 4A. Underlined nucleotides indicate the position of mutation, and the restriction enzyme site is
in boldface. All primers were designed corresponding to the sequence of pBSF4 (Lin et al., 1996).
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pseudoknot structure of the BaMV 3′-UTR downstream of the
polyadenylation signal of satBaMV (Fig. 4A) to test the function of
the BaMV pseudoknot structure on satBaMV replication. MutantsM11,
M12 and M13 contain substitutions of the 3′-UTR or 5′-UTR, or both,
respectively, by the relative regions of BaMV (Fig. 5A).
Northern blot analysis revealed that the RNA accumulation of M10
was almost completely abolished (Fig. 5B), whereas that of M11, M12,
and M13 was greatly decreased to 8%, 6%, and 3% of that of the wild
type, BSF4, in co-inoculated protoplasts (Fig. 5B). These results suggest
that the proper function of the pseudoknot structure required
interactions with other cis-elements on the RNA or other factors and
that the cognate 5′- and 3′-UTRs are preferred or required for satBaMV
replication.
Analysis of the long-distance interaction of satBaMV 5′- and 3′-UTRs
Long-distance interactions among sequence elements in the 5′ and
3′ termini have been shown to be important for the replication of viral
RNAs (Herold and Andino, 2001; You et al., 2001). The interaction
between the apical loop (AL) region of the 5′-UTR (3′-AGUCG-5′) and
loop region of SLB (5′-UUAGC-3′) in the 3′-UTR of satBaMV has alsobeen predicted (Fig. 6A). To characterize the requirement of interac-
tions between the 5′- and 3′-UTRs in satBaMV RNA replication,
mutants M14 to M16 were constructed. The loop sequences 3′-
UUAGC-5′ and 5′-AGUC-3′ in M14 and M15, respectively, were
substituted for AL and SLB (Fig. 6A) to disrupt the 5′ to 3′ interaction.
The long-distance interaction was restored in M16. Northern blot
analysis revealed the satBaMV RNA accumulation of M14 andM15was
nearly abolished, to 5% and 6%, respectively, of that of the wild type
(Fig. 6B). The compensatory mutation in M16 restored the satBaMV
RNA accumulation only to 35% (Fig. 6B). These data revealed that
interactions between the 5′- and 3′-UTRs are important for satBaMV
RNA accumulation in protoplasts, and the speciﬁc sequences in the
loop regions of AL and SLB are also important for satBaMV RNA
replication.
To investigate whether the accumulation of helper BaMV RNA is
affected by coinoculation with satBaMV RNA or its derivatives, the
level of BaMV RNA was detected by a BaMV-speciﬁc probe in all
inoculation assays. Northern blot analysis revealed no signiﬁcant
difference in level of BaMV RNA in protoplasts inoculated with BaMV
RNA alone or coinoculated with transcripts of BSF4 or mutants of
satBaMV (Fig. 6B). Similar results were also observed with the other
sets of mutants (Figs. 3, 4B, C, D, and 5B).
Fig. 3. Accumulation of BaMV genomic RNA (gRNA), positive- (+) and negative-strand
(−) satBaMV RNA (sat RNA) in N. benthamiana protoplasts coinoculated with BaMV-S
RNA and transcripts of BSF4 (F4) or satBaMV mutants. The RNA samples of protoplasts
were analyzed at 48 hpi by northern blot analysis. The 32P-labeled RNA probes for the
detection of BaMV genomic RNA (gRNA) (Lin et al., 1993), (+), and (−) satBaMV RNAwere
complementary to the 3′-end of positive-strand BaMV RNA, (+), and (−) satBaMV RNA
(Lin et al., 1996), respectively. Ethidium bromide-stained gel prior to blotting shows the
quantity of loading as revealed by the ribosomal RNA (rRNAs) in each lane. The bar chart
shows the relative accumulation levels of satBaMV RNA normalized to that of F4. The
data are the average of three independent experiments with standard deviation
indicated.
145Y.-W. Huang et al. / Virology 386 (2009) 139–153Comparison of 3′-UTR secondary structures among BSF4 and naturally
occurring satBaMV isolates
The above results indicate that the structural elements of the
satBaMV 3′-UTR are crucial for replication, which suggests that the
3′-UTR structures should be conserved among the naturally occurring
satBaMV variants. To test this hypothesis, the 3′-UTR nucleotide
sequences from 66 naturally occurring satBaMV isolates (sharing
96.8% to 100% nucleotide sequence similarity with BSF4) deposited in
GenBank (Benson et al., 2008) were subjected to secondary structure
analysis and comparison. The secondary structures were predicted by
Mfold (Zuker, 2003) with the use of constraints in accordance with
the structures determined by enzymatic probing and converted to
linear format for multiple structural comparisons to reveal the
conserved stem-loop organization (Fig. 7). The results showed that
the structures of the SLA and SLB regions of these naturally occurring
isolates were identical, which indicates that these structures are
critical to the survival of satBaMV. Although the secondary structures
of the SLC regions were not identical, they were still highly
conserved. Some bulges were present in the different parts of SLC;
nevertheless, regions nt59-nt68 and nt93-nt104 constituted the basic
constraints for SLC among all the satBaMV variants (Fig. 7). In
addition, the conserved hexanucleotide and putative polyadenylation
signal are present in almost all of the satBaMV isolates. The only
exceptions are two hexamer motif variants, DLIII-4 (ACUUAA) and
DLII-5 (GCCUAA), and one polyadenylation signal variant, DL 6V-3
(AGUAAA). Covariation analysis revealed that coupled nucleotide
mutations (G38–C46 pairing of BSF4 to C38–G46 pairing) occurred inthe BSL3, BSL6, DL6V-4, DL6V-6, DL6V-7, and DL6V-9 isolates to
maintain the SLB conformation, which plays an important role in
satBaMV replication (Fig. 4B).
Discussion
satBaMV is a unique type of satRNA in that it is a messenger type of
satRNA that does not encode its own coat protein. Consequently, for its
survival, satBaMV is faced with at least three challenges, which are
thought to involve the functions and interactions of the terminal
sequence elements: (i) recruitment of the replicationmachinery of the
helper virus, (ii) recruitment of the translation machinery of the host
plant, and (iii) recruitment of the coat proteins of the helper virus for
encapsidation. The cis-acting 5′-terminal sequence elements of
satBaMV have been studied extensively (Annamalai et al., 2003;
Chen et al., 2007; Hsu et al., 2006). The structures and requirements of
the sequence elements of the satBaMV 3′-UTR involved in RNA
accumulation were analyzed in detail in this study.
Sequence or structural elements in the 3′-UTR plays a key role in the
accumulation of viral and subviral RNAs
For most plant and animal (+)-strand RNA viruses, both sequence
and structural elements in the 3′-UTR are essential for viral
ampliﬁcation (Dreher, 1999; Thivierge et al., 2005). For example, the
3′ terminal stem-loops of Turnip crinkle virus (TCV), Alfalfa mosaic
virus (AlMV) and Cymbidium ringspot virus (CymRSV) are required for
(−)-strand RNA synthesis (Havelda and Burgyan, 1995; McCormack
and Simon, 2004; Olsthoorn et al., 1999; Sun and Simon, 2006) and the
3′-end tRNA-like structures of Brome mosaic virus (BMV), Cucumber
mosaic virus (CMV) and Tobacco mosaic virus (TMV) and Turnip yellow
mosaic virus (TYMV) are important for speciﬁc aminoacylation and
viral RNA replication (Osman et al., 2000; Sivakumaran et al., 2000;
Sivakumaran et al., 1999; Yoshinari et al., 2000). For potexviruses, the
sequence and structural features in the 3′-UTR required for efﬁcient
replication have been identiﬁed for BaMV (Cheng and Tsai, 1999),
Potato virus X (PVX) (Pillai-Nair et al., 2003; Sriskanda et al., 1996),
Clover yellow mosaic virus (CYMV) (White et al., 1992) and White
clover mosaic virus (WClMV) (Guilford et al., 1991).
For subviral RNAs, cis-acting elements that can be recognized by
the replicase of the cognate helper viruses have been identiﬁed.
Accumulating evidence supports the presence of cis-acting sequences
and/or structures located at the 5′ and/or 3′ termini of subviral RNAs.
For instance, the 3′ terminal stem-loops of satellite Tobacco necrosis
virus (TNV) strain C RNA, satellite Panicum mosaic virus and Tomato
bushy stunt virus defective interfering RNA (Bringloe et al., 1999;
Fabian et al., 2003; Qiu and Scholthof, 2000) are required for (−)-
strand RNA synthesis. Similar observations have been reported for
satellite RNAC (satC) associatedwith TCV (Carpenter and Simon,1998;
Stupina and Simon,1997), although this is expected because the satC is
a chimeric RNA with 3′-terminal sequences derived from two regions
of TCV. While the subviral RNAs depend on the replicases of their
helper viruses, the functional interchangeability of the required
elements between the subviral RNAs and helper viruses was not
always observed (Chandrika et al., 2000; Zhang et al., 2006).
Comparison of the roles of elements in the 3′-UTR of BaMV and satBaMV
Although a similar pseudoknot structure (Tsai et al., 1999) was not
identiﬁed in satBaMV, our data indicate that the poly(A) tail and
putative polyadenylation signal are necessary for the replication of
satBaMV (Fig. 3), which might also serve as the initiation site for (−)-
strand RNA synthesis (Cheng et al., 2002). In addition, the results of
enzymatic probing revealed substantial structural similarities
between satBaMV and BaMV, although they share no signiﬁcant
sequence similarity (Figs. 1A and C; Cheng and Tsai, 1999). The
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B, C, and D of the BaMV 3′-UTR, respectively (Cheng and Tsai, 1999), all
of which are indispensable for RNA accumulation (Fig. 4B). In addition
to sharing a secondary structure, the stem-A of the satBaMV 3′-UTR
shares an identical sequence with domain B of the BaMV 3′-UTR.
Furthermore, both 3′-UTRs contain conserved elements of the
hexamer motif (ACCUAA) and polyadenylation signal (AAUAAA),
with poly(A) tails of similar length (Figs. 1A and C). Deletions of
domains B and C have been shown to greatly reduce the accumulation
efﬁciency of BaMV in plants (Chen et al., 2003). The maintenance of
the domain D structure, which is responsible for interacting with
BaMV RdRp, is important for BaMV RNA replication in protoplasts
(Cheng and Tsai, 1999; Tsai et al., 1999). Our data suggest that the
speciﬁc sequences and secondary structures of SLA and SLB play
important roles in satBaMV replication. The results of a linear
comparison of secondary structures also support this claim by
showing conserved sequence and secondary structures in SLA and
SLB of the naturally occurring satBaMV isolates. These structural
similarities imply that the satBaMV 3′-UTR might contain sufﬁcient
sequence and/or structure elements required for recognition by
the BaMV RdRp complex and the efﬁcient initiation of (−)-satBaMV
synthesis.
In contrast to the structural and functional similarities between
satBaMV and BaMV, some discrepancies were also observed. First, theFig. 4. Schematic representation of mutants, M1–M10 (A), and accumulation of BaMV an
representation of mutants of satBaMV 3′-UTR RNA. The SLA or SLB is deleted individually in m
restored base pairings in stemA, U21CGG to A30GCC. Similarly, mutantsM2a andM2b are desi
nucleotides, U24CAA and U41UA, in each of the loop regions of SLA and SLB were deleted (in
abolished and compensatory base pairings in stem C, C66CAC to G95GUG. MutantsM5 andM6
G78UA. The nucleotides U, A, and A in loop C, are substituted with C, G, and G inM7–M9, respe
UTR downstream of the polyadenylation signal. The arrows indicate the substituted sequence
the start of the 3′-UTR. (B), (C), and (D) Accumulation of BaMV genomic RNA (gRNA) and (
transcripts of the BSF4 (F4) or satBaMV mutants Δ3′-UTR and M1–M6, satBaMV mutants
extracted from protoplasts were analyzed at 48 hpi by northern hybridization using the pro
stained gel prior to blotting shows the quantity of loading as revealed by the rRNA in each lan
that of F4. The data are the average of three independent experiments with standard devia3′-terminal pseudoknot structure was not found in the 3′-UTR of
satBaMV, and replacing the 3′-terminal portion of satBaMV with the
pseudoknot structure of BaMV (M10) resulted in the total loss of
accumulation of satBaMV RNA. Second, the requirement for the
hexanucleotide, conserved in all known potexviruses, in the loop
region of SLC of satBaMV is not as strict as that in BaMV. For
potexviruses, the hexanucleotide motif is important for virus replica-
tion (Chiu et al., 2002; White et al., 1992). Protoplast assay revealed
that the last three nucleotides of the hexanucleotide (U4A5A6) are
required and unchangeable in BaMV RNA accumulation, which
indicates that these three nucleotides play speciﬁc and important
roles in BaMV replication (Chiu et al., 2002). In comparison, the
requirement for U4A5A6 in satBaMV is more ﬂexible than that in BaMV
(Fig. 4D). Third, the 5′- and 3′-UTRs of BaMV and satBaMV were not
interchangeable (Fig. 5B), despite the high degree of structural
similarity. Similar observations have been reported for other virus/
subviral agent combinations. For TCV and satC, despite the presence of
a highly similar sequence and structure in the 3′-termini of both TCV
and satC, the exchanges of the 3′-terminal 100 bases of satC and TCV
greatly decreased the RNA accumulation in protoplasts, which
suggests a dependence on cognate promoter regions for efﬁcient
RNA accumulation (Zhang et al., 2006). Another example was found in
TMV and its defective RNA (Chandrika et al., 2000). The accumulation
of full-length TMV RNA decreased substantially in the absence of ad satBaMV mutants in N. benthamiana protoplasts (B, C, and D). (A) The schematic
utants M1 or M2, respectively. Mutants M1a and M1b are designed with disrupted and
gnedwith disrupted and restored base pairings in stemB, G39GAC to C45CUG. Themiddle
dicated by the dotted lines) in M1c and M2c, respectively. Mutants M3 and M4 contain
were designed to abolish and compensate for the putative tertiary interactions, C55AU to
ctively. M10 is a substitution mutant containing a pseudoknot structure of the BaMV 3′-
s (in boxes) and mutated regions. Nucleotides are numbered from the 5′-end guanine at
+) satBaMV RNA in protoplasts infected with BaMV-S RNA alone or coinoculated with
M1, M2, M1a–1c and M2a–2c, and satBaMV mutants M7–M9, respectively. Total RNA
bes speciﬁc to genomic RNA or (+) sat RNA as indicated on the left. Ethidium bromide-
e. The bar chart shows the relative accumulation of various satBaMV RNA normalized to
tion indicated.
Fig. 4 (continued).
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affect its replication, which suggests that the requirements of TMV
and its defective RNA for replication differ when RdRp is provided in
cis and in trans. These results suggest that satRNAs might have
developed distinct terminal structures to mimic those of the cognate
helper viruses for the recruitment of replicase complexes with
increased afﬁnity and/or for other biological functions speciﬁc to the
satRNAs.satBaMV might have evolved a structurally similar but functionally
distinct 3′-UTR for its efﬁcient replication and accumulation
The observed differences in the requirements of certain sequences
or structures and the incompatibility of the terminal structures
between BaMV and satBaMV could result from the need of satBaMV to
accommodate at least the following possibilities: (i) different
sequences or structures are required for interactions with the
Table 2
The relative RNA accumulation level and progeny RNA analysis of satBaMV and its mutants in co-inoculated and systemic leaves of N. benthamiana
Inoculum RNA (BaMV RNA plus) Replication efﬁciencya (%) Progeny RNA(s) Ratiob
F4 (wild-type, ACCUAA) 100 F4 (ACCUAA) –
M7 (ACCCAA) 92±4.65 M7 (ACCCAA) 9/9 (i)c; 8/8 (s)c
M8 (ACCUGA) 52±1.18 M8 (ACCUGA) 7/7 (i); 7/7 (s)
M9 (ACCUAG) 80±9.76 M9 (ACCUAG) 6/6 (i); 9/9 (s)
a satBaMV RNA accumulation in plants, detected by northern blot analysis with 32P-labeled RNA probes complementary to (+) satBaMV RNA; all data are averages (±standard
deviations) of at least three independent experiments.
b Ratio means number of clones with indicated sequence to total number of effective clones sequenced.
c “i” indicates RNA isolation from inoculated leaves; “s” indicates RNA isolation from systemic leaves.
148 Y.-W. Huang et al. / Virology 386 (2009) 139–153replicase complex of BaMV, (ii) they are involved in the long-rang
interactions with the 5′-terminal or internal sequence elements to
regulate the progress to different phases of the satBaMV life cycle, or
(iii) they are involved in the interactions with unknown factor(s),
either the satBaMV-encoded P20, BaMV-encoded viral proteins, or
plant-encoded host factors, for the replication or gene expression of
satBaMV.
Whether the replication complexes recognize replication signals
of BaMV and satBaMV in the same manner or different replicationFig. 5. Schematic representation of the mutants, M11, M12, and M13 (A) and
accumulation of BaMV and satBaMV RNA in N. benthamiana protoplasts (B). (A) The
genomic organization of satBaMV RNA is shown in the schematic. Each mutant contains
a 5′- or 3′-UTR, or both, derived from satBaMV (S) or BaMV (Ba) as indicated. (B)
Accumulation of BaMV genomic RNA (gRNA) and (+) satBaMV RNA in protoplasts
inoculated with BaMV-S RNA alone or coinoculated with transcripts of BSF4 (F4) or
satBaMVmutants (M10–M13). Total RNA extracted from protoplasts were analyzed at 2
dpi by northern hybridization using the probes speciﬁc to genomic RNA or (+) sat RNA as
indicated on the left. Ethidium bromide-stained gel prior to blotting shows the quantity
of loading as revealed by the rRNA in each lane. The bar chart shows the relative
accumulation of various satBaMV RNA normalized to that of F4. The data are the average
of three independent experiments with standard deviation indicated.complexes are used by both BaMV and satBaMV remains unclear.
Unlike the BaMV 3′-UTR, the satBaMV 3′-UTR does not contain the
pseudoknot structure, one of the binding sites for RdRp complexes
(Huang et al., 2001). Thus, the recognition motif or replication
requirement in the 3′-UTR of satBaMV may differ from that of its
helper, BaMV RNA. Our recent study of the in vitro replication of
satBaMV RNAs with the use of partially puriﬁed replicase complexes
indicated that BaMV and satBaMV RNA may be supported by the
same replicase complexes for replication, but the possibility that
some additional factors are required differently for individual
processes cannot be ruled out (Huang et al., 2008). satBaMV
accumulation was altered in some of the T-DNA insertion mutants
of N. benthamiana, despite no effects on BaMV genomic RNA
accumulation (Hsu et al., unpublished data). These ﬁndings imply
that differential host factors are involved in satBaMV and BaMV
replication.
Potexviruses utilize the dynamic, long-distance interactions of
terminal and internal elements in the genomic RNAs to regulate the
switch between viral gene expression and replication (Hu et al., 2007).
Thus, elements in the 3′-UTR of satBaMV likely participate in dynamic
tertiary interactions with other elements located throughout the RNA.
Indeed, the interactions between the loop regions of AL and SLB at the
5′- and 3′-UTRs have been identiﬁed, and mutational analysis
conﬁrmed the importance of the interactions for satBaMV RNA
accumulation (Fig. 6). These interactions lead to the formation of
alternative tertiary structures that might participate in various
biological processes.
In conclusion, on the basis of the enzymatically conﬁrmed
secondary structure of the satBaMV 3′-UTR, the requirements for
satBaMV RNA accumulation were dissected to reveal the functions of
the sequence elements involved. The essential sequences and/or
structural elements were identiﬁed in the satBaMV 3′-UTR and
compared to those of BaMV 3′-UTR. The results imply that a
structurally similar but functionally distinct 3′-UTR has been adopted
by satBaMV to exploit the replication machinery, and possibly other
required factors, provided by the helper virus and host plant.
Materials and methods
BaMV and satBaMV isolates
BaMV-S, a nitrous acid-induced mutant of BaMV-O (Chang et al.,
1997; Lin et al., 2004) with enhanced infectivity in N. benthamiana,
was used as the helper virus of satBaMV RNA. An infectious full-length
cDNA clone of BSF4 satBaMV RNA was used in this study (Lin et al.,
1996). Viral particles (virions) and the encapsidated viral RNAs were
puriﬁed as described previously (Lin and Chen, 1991).
Preparation of 5′-end-labeled RNA for structural probing
To prepare the satBaMV 3′-UTR RNA transcripts, the standard PCR
technique was used to generate the satBaMV 3′-UTR cDNA fragment
containing the T7 promoter for in vitro transcription. The infectious
full-length cDNA clone of BSF4 satBaMVwas used as the template, and
Fig. 6. Schematic representation of the mutants M14, M15, andM16 (A) and accumulation of BaMV and satBaMV RNA in N. benthamiana protoplasts (B). (A) Schematic representation
of long-distance interactions (indicated by dotted lines) between the apical loop (AL) region of the 5′-UTR and the loop region of SLB. The nucleotide sequences of the AL (upper line)
and SLB (lower line) in thewild type (F4) andmutants M14 toM16 are shown in the boxes as indicated by the arrow. (B) Accumulation of BaMV genomic RNA (gRNA) and (+) satBaMV
RNA in protoplasts inoculated with BaMV-S RNA alone or coinoculated with transcripts of BSF4 (F4) or satBaMV mutants (M14–M16). Total RNA extracted from protoplasts were
analyzed at 2 dpi by northern hybridization with probes speciﬁc to genomic RNA or (+) satRNA as indicated on the left. Ethidium bromide-stained gel prior to blotting shows the
quantity of loading as revealed by the rRNA in each lane. The bar chart shows the relative accumulation of various satBaMV RNA normalized to that of F4. The data are the average of
three independent experiments with standard deviation indicated.
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CACGAGCAC-3′, with the T7 promoter sequence underlined) and
satBaMV 3′-UTR-3 (5′-TTTTTTTTTTTTTTTTTCATC-3′) was used for PCR
ampliﬁcation. The method for 5′-end labeling of the gel-puriﬁed
transcripts was described previously (Annamalai et al., 2003).
Structural prediction and probing with ribonucleases
The 3′-UTR of satBaMV RNA was predicted by the Mfold v3.1
(Zuker, 2003) and Structural Analysis of RNA (STAR) programs
(Abrahams et al., 1990). The 5′- end labeled 3′-UTR transcripts
(50,000 cpm–70,000 cpm) of satBaMV RNAwere cleaved with various
ribonucleases (A, T1, T2 and V1) at 20 °C in 60 μl of RNase protection
buffer (30 mM Tris–HCl, pH 7.5, 3 mM EDTA, 200 mM NaCl, 100 mM
LiCl), whereas for RNase V1 digestion, 10 mM MgCl2 was included in
the same buffer. Before the addition of ribonucleases, labeled RNAs
were denatured by heating at 65 °C for 5 min followed by slow cooling
to 20 °C. Then a serial dilution of ribonuclease concentrations was
added: 36 ng (100×) to 4 ng (900×) of RNase A, 5 to 0.25 U of RNase T1,
5 to 1 U of RNase T2, and 0.35 to 0.0175 U of RNase V1. All the reactions
were incubated at 20 °C for 10min. Reactionswere stopped by phenol/
chloroform extraction, and the RNAs were precipitated with ethanol,
washed with 70% ethanol, and vacuum-dried.The location of the cleavage sites within the RNA structure was
determined by electrophoretic separation of RNA fragments on
denaturing polyacrylamide gels containing 7 M urea. For each assay,
a control without any ribonuclease treatment and a molecular size
marker denatured in boiling water for 2 min followed by partial
digestion with alkaline buffer (55 mM sodium-carbonate-bicarbonate
buffer, pH 9.0, 1.1 mM EDTA) were loaded in parallel. The labeled RNAs
were also denatured in boiling water for 90 s and cleaved with RNase
T1 (15 U) at 55 °C for 15min, or denatured in boiling water for 30 s and
digested with 3 ng of RNase A on ice for 2 min and used as the
sequencing ladder marker to identify the cleavage sites.
Characterization of the poly(A) tail of satBaMV RNA
To determine the length of poly(A) tail of the encapsidated RNAs,
viral particles were isolated from plants co-infected with BaMV-S and
satBaMV 7 days postinoculation (dpi) as described (Lin and Chen,
1991) and subsequently subjected to viral RNA puriﬁcation from
virions. BaMV and satBaMV RNAs, after further separation and
puriﬁcation through 1% agarose gel, were labeled with 5′-32P cytidine
3′,5′-bis-phosphate using T4 RNA ligase, resuspended in urea-
containing loading buffer, denatured in boiling water for 90 s, and
cleaved with RNase T1 (120 U) at 55 °C for 30 min (Chen et al., 2005).
Fig. 7. Linear comparison of predicted secondary structures of the 3′-UTR regions of natural occurring satBaMV isolates. The secondary structures of various satBaMV RNA 3′-UTR
regions predicted by the program Mfold (with the lowest free energy level) were converted to linear format (see Materials and methods for details), and aligned for multiple
comparisons of the locations of stems and loops. The conserved nucleotide sequence (Cons) is also included in the alignment to indicate the position of the structure relative to the
sequence of BSF4. A representative secondary structure depicting the positions of stems a through e, and the SLA, -B, and -C regions, is shown on top of the alignment. The names of the
natural occurring satBaMV isolates are shown on the left of the alignment. Nucleotides constituting the same stem are represented by the same alphabetic letter, starting from “a”;
whereas those in the loop regions are represented by the sign “−”. The potexvirus conserved hexanucleotide (ACCTAA) is in bold and the polyadenylation signal (AATAAA) is underlined.
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containing 8 M urea.
Construction of deletion and substitution mutants of satBaMV
A PCR-based mutagenesis strategy was used to introduce muta-
tions into the 3′-UTR of the full-length infectious cDNA clone pBSF4
(Lin et al., 1996) with the respective primers, as shown in Table 1, to
create ﬁve sets of mutants.
The set I mutants, D1 to D4, are deletion mutants. The DNA
fragment of mutant D1 was ampliﬁed by PCR using pBSF4 as a
template with the primer set BS-27 and BS-D1 (Table 1). For the
construction of D2 and D4, pBSF4 was used as the template with BS-
D2 or BS-D4 (Table 1), respectively, as the upstream primers, together
with the M13 universal (−40) primer to amplify the corresponding
fragments. The products were then puriﬁed and used as downstream
mega-primers for secondary PCR with the upstream primer BS-27. To
construct D3, PCR products were ampliﬁed using D2 as the template
and BS-27 as the upstream primer combined with BS-D1 as the
downstream primer. All of the PCR products of D1 to D4 were cloned
into the EcoNI/XbaI site of pBSF4 to generate the respective mutants.
The second and third sets of mutants, Δ3′-UTR and M1 to M9, are
deletion or substitution mutants. The methods for the construction of
the Δ3′-UTR and M1 to M9, M1a to M1c and M2a to M2c were the
same as those used for constructing D1 and D2, respectively, except for
the use of speciﬁc primers (Table 1), which contained the desired
deletion or substitution sequences.
The fourth set of mutants, M10 to M13, is the substitution mutants
with replacement of the 3′- and/or 5′-UTR of satBaMV with those of
BaMV. Mutant M10 was constructed by PCR with the downstream
primer BS-M10 and pBSF4 used as the template with the upstream
primer BS-27. The PCR products were cloned into the EcoNI/XbaI site
of pBSF4 to generate the mutant. For the construction of M11, a small
fragment was ampliﬁed with pCB (Lin et al., 2004) used as the
template with the upstream primer BS-M11, the sequence combined
with the satBaMV 3′-UTR upstream and parts of BaMV 3′-UTR (Table
1), and T(17)-836 as the downstream primer. The products were
puriﬁed and used as the downstream mega-primer for secondary PCR
with pBSF4 used as the template with the upstream primer BS-27. The
PCR products were cloned into the EcoNI/EcoRI site of pBSF4 to
generate the mutant. To construct M12 andM13, we used a three-step
PCR for the ampliﬁcation of the inserted fragments. A small fragment,
which was ampliﬁed with pBSF4 used as the templatewith the primer
BS-M12, containing the sequence of 5′-UTR of BaMV with satBaMV
ORF (Table 1), was used as the upstream primer and BS-9 as the
downstream primer. The product was puriﬁed and used as a
downstream mega-primer for secondary PCR with pCB used as the
template with the upstream primer T7-BaMV. The second step
product was puriﬁed and subsequently used as upstream mega-
primer with T(17)-836 as the downstream primer for the third PCR
with pBSF4 and M11, respectively, used as templates for amplifying
the inserted fragments for M12 and M13. All the PCR products were
digested with XbaI/EcoRI, ligated, and cloned into the XbaI/EcoRI site
of pUC119 to generate the mutants.
The ﬁfth set of mutants, M14 to M16, is the substitution mutants
with disruption and restoration of long-range interactions between
the loop regions of AL and SLB in the 5′- and 3′-UTRs, respectively
(Fig. 6A). The method for the construction of M14 and M16 was the
same as that used for D1, except for the use of speciﬁc primers, which
contained the desired deletion or substitution sequences, as shown in
Table 1. The method for the construction of M15 was the same as that
used for D2.
The plasmids harboring the mutants described above were
designated pBSΔ3′-UTR, pBSD1 to pBSD4 and pBSM1 to pBSM16,
respectively. All mutants were conﬁrmed by sequencing, and their
secondary structures were maintained by computer-aided prediction(data not shown). Full-length transcripts derived from pBSF4 (wild
type) or the above mutant clones were coinoculated with BaMV RNA
into N. benthamiana protoplasts or plants, and the accumulation of
genomic RNA and satBaMV RNA was analyzed by northern blot
analyses as described in the following sections.
Synthesis of RNA transcripts in vitro
Plasmids pBSF4, pBSΔ3′-UTR, pBSD1 to pBSD4, pBSM1 to pBSM10,
and pBSM14 to pBSM16 were linearized with XbaI, whereas the
plasmids pBSM11 to pBSM13 were linearized with EcoRI, and RNA
transcripts with a 5′ cap structure (m7GpppG) were synthesized in
vitro with the use of T7 RNA polymerase, as previously described (Lin
et al., 1996).
Protoplast isolation, inoculation and plant infection
Protoplasts were isolated from N. benthamiana as previously
described (Cheng and Tsai, 1999). For each inoculation, 1 μg of BSF4
or satBaMVmutant transcripts was co-inoculated with 1 μg of BaMV-S
virion RNA into 2×105 protoplasts. For plant assay, four-week-old
plants of N. benthamiana were used for inoculation. RNA transcripts
(0.2 μg) from wild-type BSF4 or satBaMV mutants were mixed
individually with 0.2 μg of BaMV-S virion RNA and co-inoculated
onto each leaf, two leaves for one plant and four plants per treatment.
RNA analysis by northern blot
Total RNAs from protoplasts were extracted two dpi (Lin et al.,
1992a) and those from inoculated or systemic leaves 7 and 14 dpi,
respectively (Verwoerd et al., 1989). RNA samples were separated by
electrophoresis after denaturation in the presence of glyoxal and
transferred onto nylon membrane (Amersham, UK) for northern blot
analysis (Lin et al., 1992b). Blots were hybridized with speciﬁc
riboprobes to detect BaMV and satBaMV RNAs. The 32P-labeled
probes, speciﬁc for the detection of (+)- and (−)-strand satBaMV,
were transcribed from EcoRI- and PstI-linearized pBSHE by the use of
T7 and SP6 RNA polymerase, respectively, as described previously (Lin
et al., 1996). The BaMV-speciﬁc probe was prepared by linearization of
pBaHB with HindIII, then transcription with SP6 RNA polymerase,
which is complementary to the 3′-end of (+)-strand BaMV RNA (Lin et
al., 1993). Hybridization signals were detected and quantiﬁed by the
use of a PhosphorImager (FUJIFILM, Multi Gauge).
Progeny RNA analysis
Total RNAs were extracted from the inoculated and systemic leaves
of N. benthamiana at 7 dpi and 14 dpi, respectively, and were reverse
transcribed with the use of the primer T(17)-836 in a 20 μl reaction
mixture containing 1 mM deoxynucleoside triphosphate, 100 mM
Tris–HCl, pH 8.3, 80 mM KCl, 12 mM MgCl2, 2 mM DTT, and 10 U of
SuperScript II (GIBCO/BRL). After incubation at 42 °C for 30 min, 5 μl of
reactant underwent PCR with T(17)-836 used as the downstream
primer and BS-31, 5′-GAAAACTCACCGCAACGA-3′, as the upstream
primer for ampliﬁcation of full-length satBaMV RNA. The PCR
fragments were cloned into the T vector (Promega) and sequenced.
Linear comparison of RNA secondary structure
To examine whether the structural features of the 3′-UTR region of
the satBaMV RNAs are well conserved, the sequences of 66 satBaMV
RNAs listed in GenBank (Benson et al., 2008) were used for structural
comparison. The prediction of secondary structures by Mfold (Zuker,
2003) was performed with the following constraint parameters: “F 17
0 6; F 35 49 5; F 59 104 3; P 3 0 3; P 69 0 3; P 9 0 3; P 7 0 2”, to force
(F) or prevent (P) base-pairing according to the secondary structure
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secondary structures with the lowest energy level, or the most stable
structure, were converted to a linear format to facilitate the structural
alignment with the structure of BSF4 determined by enzymatic
probing used as the template. The linear conversion was performed
by the following rules: 1) all nucleotides residing in the terminal or
internal “loop” or “bulge” regions are represented by the “−” sign; 2)
the nucleotides constituting the same “stem” region (base-paired) are
converted to the same alphabetic letter according to the order that the
stem appears from the 5′ to 3′ direction; 3) for “internal loops” and
“bulges”, the assignment of the alphabet is determined by the
nucleotides at the 5′-half. Following linear conversions, the secondary
structures underwentmultiple sequence alignmentwith the use of the
PileUp program of the Wisconsin GCG Package and the default
parameters. Thus the process effectively aligned the secondary
structures of the 3′-UTR of many satBaMV isolates for structural
comparison without interference of the variations in the nucleotide
sequences.
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